Glucotoxicity, lipotoxicity, and glucolipotoxicity are secondary phenomena that are proposed to play a role in all forms of type 2 diabetes. The underlying concept is that once the primary pathogenesis of diabetes is established, probably involving both genetic and environmental forces, hyperglycemia and very commonly hyperlipidemia ensue and thereafter exert additional damaging or toxic effects on the ␤-cell. In addition to their contribution to the deterioration of ␤-cell function after the onset of the disease, elevations of plasma fatty acid levels that often accompany insulin resistance may, as glucose levels begin to rise outside of the normal range, also play a pathogenic role in the early stages of the disease. Because hyperglycemia is a prerequisite for lipotoxicity to occur, the term glucolipotoxicity, rather than lipotoxicity, is more appropriate to describe deleterious effects of lipids on ␤-cell function. In vitro and in vivo evidence supporting the concept of glucotoxicity is presented first, as well as a description of the underlying mechanisms with an emphasis on the role of oxidative stress. Second, we discuss the functional manifestations of glucolipotoxicity on insulin secretion, insulin gene expression, and ␤-cell death, and the role of glucose in the mechanisms of glucolipotoxicity. Finally, we attempt to define the role of these phenomena in the natural history of ␤-cell compensation, decompensation, and failure during the course of type 2 diabetes. (Endocrine Reviews 29: 351-366, 2008)
I. Glucotoxicity, Lipotoxicity, and Glucolipotoxicity: Definitions and Concepts
T YPE 2 DIABETES is considered to be a complex syndrome of polygenic nature (1). Several genome-wide scans recently identified risk loci for type 2 diabetes that include gene controlling ␤-cell development or function, supporting the concept that the genetic susceptibility of the ␤-cell determines the risk of developing the disease (2-7).
Glucotoxicity, lipotoxicity, and glucolipotoxicity are secondary phenomena that are proposed to play a role in all forms of type 2 diabetes. The underlying concept is that once the primary pathogenesis of diabetes is established, probably involving both genetic and environmental forces, hyperglycemia and very commonly hyperlipidemia ensue and thereafter exert additional damaging or toxic effects on the ␤-cell. In addition to their contribution to the deterioration of ␤-cell function after the onset of the disease, elevations of plasma fatty acid levels that often accompany insulin resistance (8, 9) may, as glucose levels begin to rise outside of the normal range, also play a pathogenic role in the early stages of the disease (10).
The words "glucotoxicity" and "lipotoxicity," as well as their combination form, "glucolipotoxicity," are best described as medical jargon rather than scientific terms that can be precisely defined. They represent currently popular concepts that connote adverse or toxic influences on pancreatic ␤-cell function caused by excessive glucose and/or lipids. In a sense, these are paradoxical concepts because physiological levels of glucose and lipids are not toxic but instead are essential to normal ␤-cell function. Thus, a spectrum exists going from normoglycemic and normolipidemic conditions to hyperglycemic and hyperlipidemic abnormalities that must be taken into account. The root of these words, "tox-icity," implies damage and leads to the consideration that in certain instances glucose and lipid levels entering or synthesized within tissues might become so elevated that they can cause pathology.
Unger and colleagues first introduced the concepts of glucotoxicity (11) and lipotoxicity (12). In their initial glucose toxicity paper, they put forward the concept that continuous overstimulation of the ␤-cell by glucose could eventually lead to depletion of insulin stores, worsening of hyperglycemia, and finally deterioration of ␤-cell function. Exposure of the ␤-cell to excessive levels of lipids was also hypothesized to be a cause of worsening ␤-cell function. In this view, failure to correct hyperglycemia and hyperlipidemia dooms the ␤-cell to a continual onslaught of glucotoxicity and lipotoxicity that perpetuates the downward spiral to ␤-cell dysfunction and death.
The term glucolipotoxicity has a more recent origin (13) and was coined in recognition of the fact that the alterations in intracellular lipid partitioning underlying the mechanisms of lipotoxicity are dependent upon elevated glucose levels. Consequently, it is our view that hyperglycemia is a prerequisite for lipotoxicity to occur, and that therefore the term glucolipotoxicity, rather than lipotoxicity, is more appropriate to describe deleterious effects of lipids on ␤-cell function.
This review of the current literature and studies performed in our laboratories will first present experimental evidence in support of glucotoxicity and glucolipotoxicity. We will then propose the existence of a spectrum from glucolipoadaptation to glucolipotoxicity and attempt to define the role of these phenomena in the natural history of ␤-cell compensation, decompensation, and failure during the course of type 2 diabetes. In accordance with editorial guidelines for this Recent Progress in Hormone Research (RPHR) edition, this review mostly focuses on the work performed in our own laboratories. Although we have attempted to quote the relevant literature from other groups, we could not, due to space limitations, exhaustively cite the work of all other investigators who contributed to this field.
II. Glucotoxicity and Its Linkage to Oxidative Stress

A. In vitro evidence
1. ␤-Cell lines. Most of the earliest work demonstrating the paradoxical ability of glucose to diminish ␤-cell function was reported from experiments using ␤-cell lines. A key design feature in these experiments was to expose cells to media containing high concentrations of glucose for a protracted period of time, as long as 3-12 months. For example, using HIT-T15 cells and glucose concentrations of 0.8 and 11.1 mm, we observed that prolonged culturing of cells in RPMI 1640 medium containing the lower glucose concentration maintained insulin mRNA levels, insulin content, and glucoseinduced insulin secretion. On the other hand, insulin gene expression, insulin content, and glucose-induced insulin secretion were progressively and drastically compromised over time when the higher glucose concentration was used in the media (14). Subsequent observations revealed that culturing in media with high glucose concentrations also caused deterioration in insulin promoter activity as well as pancreas-duodenum homeobox-1 (PDX-1) and MafA binding activity (15-17). It is noteworthy that loss of MafA binding occurred much earlier than the loss of PDX-1 binding and that the decrease in insulin content correlated in time much closer to the loss of MafA binding (18, 19) . The decreased levels of insulin mRNA, insulin content, and insulin release were taken as evidence that chronic exposure to high glucose concentrations caused glucotoxic effects on the ␤-cells. In later experiments it was shown that the diminution in ␤-cell function observed in cultures containing high glucose could be reversed by switching to low glucose; however, the efficacy of this intervention was time-dependent. ␤-Cell function returned when the intervention was performed 5 or 10 wk after glucotoxic defects were present, but not if a longer period of time had elapsed (19). Differentiation of glucotoxic effects from ␤-cell exhaustion was provided by experiments in which HIT-T15 cells were cultured for long periods of time in media containing 0.8 or 11.1 mm glucose with and without somatostatin, an inhibitor of insulin secretion. The cells cultured with somatostatin had dramatically less insulin in the culture media, demonstrating ␤-cell rest. Yet, the cells exposed to high glucose and somatostatin still experienced glucotoxic effects on insulin gene expression, content, and glucose-stimulated insulin secretion, thereby eliminating ␤-cell exhaustion as a cause (20) .
Another ␤-cell line, the INS-1 cell, was also used in similar experiments. In this case, however, the paradoxical effect of a high glucose concentration to decrease insulin mRNA was seen within 24 h and was quickly reversible after culturing the cells in a low glucose concentration (21, 22). This abbreviated time course for establishing adverse effects of a high glucose concentration and their ready reversal is more reminiscent of a glucose desensitization phenomenon than glucose toxicity. More recent work using INS-1 cells suggests that glucotoxic ␤-cells may have additional, more distal defects in the exocytotic pathway (23). A third ␤-cell line, the ␤TC-6 cell, behaved very similarly to HIT-T15 cells when cultured under conditions of high and low glucose, with the exception that only MafA binding and not PDX-1 binding to DNA was affected (24). This finding presaged our later reports (18, 19) indicating that a decline in MafA alone is sufficient to cause loss of insulin gene expression in glucotoxic states.
Evidence that glucotoxicity might be related to oxidative stress ( Fig. 1) can be found in early reports that N-acetylcysteine and aminoguanidine, both antioxidants, can protect HIT-T15 cells and isolated islets from the adverse effects of prolonged culturing with media containing high glucose concentrations (25, 26). We asked whether the decreased PDX-1 binding and decreased insulin mRNA levels in HIT-T15 cells that we observed might also be related to oxidative stress. Using either N-acetylcysteine or aminoguanidine in cells cultured for many passages under high glucose conditions, we observed an antioxidant drug concentration-related preservation of insulin promoter activity, PDX-1 binding, and levels of insulin mRNA (27).
Isolated islets.
Chronically culturing isolated pancreatic islets is a major laboratory challenge. Nonetheless, Briaud et al. (28) were successful in culturing rat islets for up to 6 wk in media containing either 5.6 or 16.7 mm glucose and found at 6 wk that insulin mRNA levels were 50% decreased by the higher glucose concentration. In contrast, no changes were observed in mRNA levels for glucose transporter-2 or glucokinase. Adverse effects of chronically elevated levels of glucose were also studied earlier by Montana et al. (29) who transplanted isolated C57BL/6 rat islets under the kidney capsule of syngeneic recipients previously rendered diabetic by streptozotocin. Their strategy was to transplant 150 islets, a number that was insufficient for normalization of glycemia, so that they would be exposed to hyperglycemic conditions after transplant. Control animals were transplanted with 300 islets, which restored and maintained normoglycemia. ␤-Cell mass in the grafts decreased in the former group but not the latter group. Other related work by this laboratory regarding the adverse effects of elevated glucose levels on ␤-cell mass and function has been extensively reviewed by Leahy et al. (30) .
Reports that ␤-cells have very low levels of antioxidant enzymes compared with other tissues (Fig. 1) suggest that the ␤-cell is particularly at risk for oxidative stress (31-33). This observation led to many efforts to determine whether overexpression of antioxidant enzymes would protect ␤-cells against oxidative stress in rodents (34 -40). Tanaka et al. (41) in our group performed studies to determine whether enhancing ␤-cell antioxidant levels would protect against ribose-induced oxidative stress. Ribose is a much stronger oxidant than glucose and provides a strategy to examine consequences of oxidative stress on islets that circumvents the requirement of culturing islets over many months under high glucose conditions. Adenovirally induced overexpression of glutathione peroxidase, a critical antioxidant enzyme, was used in the experimental approach. Although other antioxidant enzymes, such as superoxide dismutases and catalase, are present in the islet (but also in low concentrations), superoxide dismutase forms hydrogen peroxide whereas catalase, although capable of metabolizing hydrogen peroxide, does not catabolize lipid peroxides. Glutathione peroxidase, on the other hand, catabolizes both hydrogen peroxide and lipid peroxides to form the two nontoxic substances, oxygen and water. Adenoviral overexpression of glutathione peroxidase increased islet levels of this enzyme 6-fold or approximately to the levels found normally in liver. This overexpression protected islets from ribose-induced losses in insulin mRNA, insulin content, and glucose-stimulated insulin secretion (41). Tran et al. (42) in similar studies examined the protective effect of overexpressing the glutamylcysteine ligase catalytic subunit, which regulates the use of cysteine as the rate-limiting substrate to form glutathione, the primary endogenous antioxidant substance. Adenoviral overexpression of this enzyme augmented the level of reduced glutathione in islets and prevented the adverse effects of IL-1-␤ on glucose-induced insulin secretion. Kaneto et al. (43) observed that adenoviral overexpression of a dominantnegative (DN) mutant of c-Jun N-terminal kinase (JNK) preserved PDX-1 DNA binding in islets exposed to H 2 O 2 -induced oxidative stress. They also reported that rat islets infected with DN-JNK-expressing adenovirus and transplanted under renal capsules of streptozotocin-induced diabetic nude mice maintained insulin gene expression in the grafts. However, despite the repeated observation that overexpression of antioxidant enzymes in rodent models protects against oxidative stress, to date no one has reported whether overexpression of antioxidant enzymes is protective against type 2 diabetes mellitus in an animal model. Counter to the concept that oxygen radicals are damaging to islets, Pi et al. (44) performed studies with INS-1 cells and isolated mouse islets and reported evidence that physiological levels of reactive oxygen species (ROS) may be required to support physiological ␤-cell function. This supports the concept that ROS in low levels are contributory to, but high levels may be harmful for, ␤-cell function (45) .
B. In vivo evidence
1. Zucker diabetic fatty (ZDF) rats. The ZDF rat, a well-accepted model of type 2 diabetes, has been used extensively to examine the adverse effects of glucotoxicity and lipotoxicity. This animal harbors a mutation in the leptin receptor gene and becomes obese and diabetic as it ages, but it is not dependent on exogenous insulin to live. Typically, the ␤-cells in ZDF rats initially compensate for the development of obesity and associated insulin resistance by increasing insulin mRNA levels, insulin content, and insulin secretion, but eventually they cannot keep up with this challenge and the animal becomes hyperglycemic. Early studies by Unger's group (46) demonstrated that troglitazone, an insulin-sensitizing drug, could be used to control hyperlipemia and hy- Biochemical pathways through which elevated levels of glucose can form excessive levels of reactive oxygen species (ROS), which cause oxidative stress and lead to ␤-cell dysfunction. Under normoglycemic conditions, glucose metabolites flow primarily through oxidative phosphorylation, but during exposure to excessive glucose levels, metabolites also overflow into alternative pathways. The ␤-cell contains very low levels of antioxidant enzymes and consequently is exquisitely sensitive to ROS. This is consistent with physiological regulation of ␤-cell function when ROS levels are low, but deleterious effects on the ␤-cell when ROS levels are abnormally high.
perglycemia in this animal, which led to preserved ␤-cell function and glycemic control. Using this model, we demonstrated that troglitazone treatment to prevent hyperglycemia also had beneficial effects on maintaining both PDX-1 binding to DNA and levels of insulin gene expression (47) . We also used isolated islets from ZDF rats to examine whether treatment with antioxidants, either N-acetylcysteine or aminoguanidine, beginning at 6 wk of age would decrease markers of oxidative stress and have beneficial effects on glycemia and levels of insulin mRNA and PDX-1 binding (27). We found that placebo-treated animals developed elevated levels of circulating markers of oxidative stress as they developed hyperglycemia. Treatment with either N-acetylcysteine or aminoguanidine prevented the rise in plasma ROS, greatly attenuated the degree of hyperglycemia, and minimized glycosuria (27). Islets isolated from antioxidanttreated animals exhibited much higher PDX-1 and MafA binding activities, as well as markedly higher levels of insulin mRNA and insulin content. On the other hand, treatment with an inhibitor of nitric oxide synthesis had no beneficial effect.
db/db
Mice. Kaneto et al. (48) reported that N-acetylcysteine was effective in enhancing ip glucose tolerance in db/db mice, another well-accepted rodent model of type 2 diabetes carrying a mutation in the leptin receptor gene. They observed that this drug enhanced insulin secretion, moderately decreased blood glucose levels, and led to greater ␤-cell mass and less apoptosis in the diabetic mice. The authors also reported preserved amounts of insulin content, insulin mRNA, and PDX-1 protein by immunoblotting. Other successful attempts to ameliorate diabetes and oxidative stress in animal models have involved the use of vitamin E in Goto-Kakizaki rats (49) and gliclazide (50) , an oral hypoglycemic agent that also has antioxidant properties.
C. Mechanisms for reactive oxygen species formation by glucose and for associated loss of insulin promoter transcription factors
1. ROS formation from glucose metabolism. Once glucose enters cells, it is primarily and progressively metabolized to glyceraldehyde-3-phosphate, 1:3 bis-P-glycerate, glyceraldehyde-3-phosphate, and pyruvate. Pyruvate then enters the tricarboxylic acid cycle to undergo oxidative phosphorylation, during which formation of ATP and ROS occurs. However, when excess glucose is available to the cell, alternative pathways exist through which excess glucose can be shunted and ROS can be formed from glucose (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) . Among these are glyceraldehyde autooxidation to methylglyoxal and glycation, enediol and ␣-ketoaldehyde formation, dihydroxyacetone and diacylglycerol formation with protein kinase C activation, glucosamine and hexosamine metabolism, and sorbitol metabolism ( Fig. 1 and reviewed in Ref. 67) . Direct demonstration that human islets can form ROS when they are exposed to high concentrations of glucose was provided by Tanaka et al. (41) . To assess the concept that overflow of excess levels of glucose metabolites might induce oxidative stress through alternative pathways, Takahashi et al. (68) examined the consequences of exposing increasing concentrations of d-glyceraldehyde to rat islets. Formation of ROS was observed when 2 mm d-glyceraldehyde was present for 24 h and this was associated with decreased insulin content and inhibition of glucose-stimulated insulin secretion. The adverse effects of this increase in intraislet ROS on ␤-cell function was prevented by N-acetylcysteine but not by rotenone or myxothiazol, both inhibitors of oxidative phosphorylation. Moreover, pretreatment of the islets with koningic acid, a specific glyceraldehyde-3-phosphate dehydrogenase inhibitor, was used as a strategy to increase endogenous glyceraldehyde levels. Koningic acid, in the presence of 11.1 mm glucose, increased intracellular peroxide levels and inhibited glucose-stimulated insulin secretion. In assessing the pertinence of these studies, it is important to consider whether 2 mm d-glyceraldehyde is a physiologically relevant concentration. Taniguchi et al. (69) reported that islets exposed to 2.8 and 20 mm glucose accumulated approximately 0 and 0.025 pmol/islet d-glyceraldehyde, respectively, whereas exposure to 10 mm d-glyceraldehyde caused an accumulation of 0.12 pmol/islet d-glyceraldehyde. Because we used one fifth of this concentration of d-glyceraldehyde in our experiments, we estimate that it caused intraislet levels of approximately 0.025 pmol/islet, a concentration similar to that observed by Taniguchi et al. using 20 mm glucose. In our work, exposure of rat islets to koningic acid to increase d-glyceraldehyde levels caused an increase in intracellular ROS under 11.1 but not 3.0 mm glucose conditions. This increase in ROS was not significantly different from that observed with 2 mm d-glyceraldehyde. It has also been reported that long-term exposure to high glucose concentrations decreases glyceraldehyde-3-phosphate dehydrogenase activity in islets (52) , which could lead to excess d-glyceraldehyde accumulation. It is important to note, however, that ROS are also involved in the mechanisms of insulin resistance (70), which has major implications for consequent ␤-cell stress (71).
2. Decreased PDX-1 mRNA expression. As pointed out in Sections II.A and II.B, the decrease in PDX-1 binding to DNA in HIT-T15 cells and islets from diabetic animals was preventable by antioxidants. To determine the site of action of this oxidative stress-mediated loss of PDX-1, studies were performed using nuclear run-on analyses of PDX-1 gene transcription and both Northern and Western analyses for PDX-1. We observed normal rates of PDX-1 gene transcription, but progressively diminished amounts of PDX-1 mRNA, PDX-1 protein, insulin mRNA, and insulin content as HIT-T15 cell cultures in high glucose concentrations were extended over many weeks (14 -16, 18). These results indicate that oxidative stress had induced a posttranscriptional loss of PDX-1 mRNA as the primary mechanism of action for loss of PDX-1 protein, a primary mechanism for decreased levels of insulin mRNA (Fig. 2) .
3. Decreased MafA protein expression. As with PDX-1, loss of MafA binding to DNA from glucotoxic cell lines and islets undergoing culture with high glucose conditions could also be prevented by antioxidant treatment (15-19) (pointed out in Sections II.A and II.B). However, in contrast to the findings with our PDX-1 studies, loss of MafA binding was associated with normal levels of MafA mRNA (72) . The abnormality identified was the absence of MafA protein, which indicated that a posttranslational, rather than a posttranscriptional, loss of MafA is the mechanism of action (Fig. 2) . It is of interest that the loss of MafA protein from glucotoxic HIT-T15 cells occurred earlier and corresponded more closely in time with the loss of insulin content and glucose-stimulated insulin secretion compared with the loss of PDX-1 protein (18, 19). Thus, although mutation of either the PDX-1 or the MafA binding sites on ␤-cell DNA decreases insulin promoter activity approximately 90% (15-17, 24), the earlier loss of MafA protein in the course of the development of glucotoxicity points to this transcription factor as the more dominant mechanism of action for loss of insulin gene expression in glucotoxic ␤-cells. However, the relationship between these two transcription factors is complicated by the fact that they appear to regulate the expression of each other (73, 74) . Importantly, Kitamura et al. (75) recently reported decreased levels of MafA in several murine models of diabetes and demonstrated that transgenic expression of constitutively nuclear Fox01 prevented this loss of MafA.
4. Apoptosis. The pathogenesis of type 2 diabetes has been reported to be associated with a variety of proapoptotic mechanisms (76) , including glucose-induced synthesis of IL-1␤ (77) and as described by Donath et al. (196) in this issue of Endocrine Reviews, as well as endoplasmic reticulum (ER) stress, described by Scheuner and Kaufman (197) in this issue of Endocrine Reviews. The pathogenic concept of an imbalance of ␤-cell regeneration and apoptosis was addressed by Butler et al. (78) and described by Haataja et al. (198) in this issue of Endocrine Reviews in a study in which pancreatic tissue from patients with type 2 diabetes mellitus and control subjects was obtained from 124 autopsies. The frequency of ␤-cell replication was very low in all cases, with no difference between diabetic and control groups. However, the frequency of ␤-cell apoptosis was increased 10-fold in the lean and 3-fold in the obese cases of type 2 diabetes. In support of this association, increased apoptosis was observed when islets were cultured in 16.7 mm glucose compared with islets cultured in 5.5 mm glucose or 11 mm mannitol plus 5 mm glucose (79) . The proapoptotic genes Bad, Bid, and Bik were overexpressed in islets maintained in high glucose concentrations. The antiapoptotic gene Bcl-2 was unaffected by these conditions whereas Bcl-xl was reduced. Expansion of ␤-cell mass in response to insulin resistance and insulin secretory defects in ZDF rats have been reported to occur, but this was inadequate to maintain normoglycemia (80) . These studies also suggested that an increased rate of cell death by apoptosis was responsible for evolution of the diabetic state. Loss of ␤-cell mass resulting from an increase in ␤-cell death was reported to be an important contributor to the evolution of the diabetic state in ZDF rats (81) . We (M. Bogdani, J. S. Harmon, and R. P. Robertson, unpublished observations) have recently completed studies examining HIT-T15 cells cultured in media containing low vs. high concentrations of glucose over 45 passages and have not observed increased apoptosis, although we observed the time-dependent loss of MafA and PDX-1 protein. Thus, the loss of these two important insulin gene transcription factors appears to be more dominantly related to the posttranslational and posttranscriptional, respectively, mechanisms of action described above rather than apoptosis.
D. Clinical correlations between oxidative stress and glucotoxicity of the ␤-cell
The preclinical and clinical literature suggesting that diabetes is associated with oxidative stress and that antioxidants might provide valuable ancillary treatment is vast. A complete review of these reports is beyond the scope of this manuscript, which is designed to deal primarily with in vitro and preclinical in vivo data. Nonetheless, this review would be incomplete without at least a brief mention of clinical reports. Focusing on the decade of the 1990s, several groups reported that measurements of oxidative stress markers are elevated in diabetic subjects. For example, using serum and HPLC, Shin et al. (82) found that levels of 8-OH-guanine were five times higher than normal in type 2 diabetic subjects. Gopaul et al. (83) found that 8-epi-PGF 2␣ levels measured by gas chromatography/mass spectroscopy were elevated in plasma. Hydroperoxides were also measured in plasma by HPLC and were reported as elevated by Nourooz-Zadeh et al. (84) . DNA base oxidation measured by gas chromatography/mass spectroscopy in white blood cells was reported to be elevated by Rehman et al. (85) . Ghiselli et al. (86) reported that salicylate hydroxylation is an early marker for oxidative stress in diabetic patients. Using pancreatic tissue and immunocytochemistry, Sakuraba et al. (87) found reduced ␤-cell mass and elevated levels of 8-OH-deoxyguanine and 4-OH-2-nonenal proteins. Yoshida et al. (88) reported that the activity of ␥-glutamylcysteine synthetase, glutathione concentration, and thiol transport were 77, 77, and 69% of normal controls, respectively, in erythrocytes from diabetic patients, and that treatment with an antidiabetic agent for 6 months resulted in the restoration of ␥-glutamylcysteine synthetase activity, glutathione, and thiol transport. More recently, Del Guerra et al. (89) examined islets isolated from pancreata of 13 type 2 diabetic cadaveric organ donors and observed high levels of oxidative stress markers as well as low levels of glucose-induced insulin secretion, reduced insulin mRNA, but increased levels of PDX-1 and FOX01 mRNAs. Exogenous glutathione improved these abnormalities. In a preliminary study, we found that arginineinduced insulin secretion was improved in a type 2 diabetic patient following 28 d of oral N-acetylcysteine treatment (90) . On the other hand, an earlier study of vitamin E treatment for oxidative stress in type 2 diabetic patients failed to show improvement of insulin secretion (91) . However, there have been no reports of placebo-controlled, double-blind trials over extended periods of time designed to ascertain whether treatment of diabetic subjects with potent antioxidants for impaired glucose tolerance or manifest type 2 diabetes improves ␤-cell function.
III. Glucolipotoxicity
A number of in vitro studies, using insulin-secreting cells and isolated islets, have attempted to identify the mechanisms of glucolipotoxicity. In vitro, prolonged exposure of isolated islets or insulin-secreting cells to elevated levels of fatty acids is associated with inhibition of glucose-induced insulin secretion (92) (93) (94) (95) , impairment of insulin gene expression (96 -101) , and induction of cell death by apoptosis (80, (102) (103) (104) (105) (106) (107) (108) (109) (110) . Importantly, in vitro (98, 99, 110) and in vivo (111, 112) studies have provided evidence that lipotoxicity only occurs in the presence of concomitantly elevated glucose levels. Although this notion has been challenged in isolated human islets (113) , one might argue that the severe stress induced by the isolation procedure of human pancreas might sensitize the islets to harmful effects of fatty acids (109) . In recent years, a number of studies have contributed to a better understanding of the biochemical and molecular mechanisms of glucolipotoxicity in the ␤-cell. Perhaps the most significant advance of these past years is the realization that the mechanisms whereby fatty acids affect various aspects of pancreatic ␤-cell function (namely insulin secretion, insulin gene expression, and cell survival) are distinct.
A. Functional manifestations of glucolipotoxicity in vitro
1. Fatty-acid impairment of insulin secretion. Prolonged exposure of ␤ -cells to fatty acids in vitro increases basal insulin release and inhibits glucose-stimulated insulin secretion (92) (93) (94) (95) , a phenomenon that has also been observed in vivo in rats (114) and humans (115) . These two effects have different time frames, and probably distinct mechanisms. The increase in basal insulin release involves enhanced low Km glucose usage (116, 117) . Culturing islets in the presence of fatty acids for 24 h decreases the activity of citrate synthase, resulting in lowered citrate levels and increased phosphofructokinase activity (117, 118) . This in turn reduces glucose-6-phosphate levels, disinhibits hexokinase, and increases glucose usage at low glucose concentrations. In vivo, fatty acids also decrease sympathetic nervous system activity, thus enhancing insulin secretion (119) . The mechanisms underlying the decrease in glucose-stimulated insulin secretion by fatty acids are less clear, although as discussed below recent studies have provided important insights into potential candidates.
The G protein-coupled receptor GPR40 is specifically expressed in pancreatic ␤-cells and is activated by long-chain fatty acids (120, 121) . A role for GPR40 in mediating fattyacid inhibition of insulin secretion has been suggested by the observation that islets from GPR40 KO mice are insensitive to the inhibitory effects of prolonged fatty acids (122) . Using a different line of GPR40 KO mice, we were unable to reproduce these findings and found that deletion of the receptor does not protect islets from fatty-acid inhibition of glucose-induced insulin secretion (123) . We therefore do not favor the view that GPR40 plays a major role in the deleterious effects of fatty acids on ␤-cell function, although further investigation is required to clarify these discrepancies.
Uncoupling protein-2 (UCP-2) is a ubiquitously expressed mitochondrial carrier that has been suggested to uncouple the respiratory chain from ATP synthesis (124), although its biological functions are still unclear. Evidence suggests that UCP-2 modulates insulin secretion and plays a role in glucolipotoxicity. First, increasing UCP-2 expression in ␤-cells impairs insulin secretion (125, 126) . Second, UCP-2 KO animals have increased circulating insulin levels and are protected from genetic (124) or nutritional (127) diabetes. Third, UCP-2 expression is increased in islets after high-fat feeding in rodents (112, 126) or exposure to fatty acids in vitro (128, 129) . Fourth, oleic acid activates the UCP-2 promoter in INS-1 cells, an effect mediated directly by sterol regulatory element-binding protein-1c (SREBP1c) (130) and indirectly by peroxisome proliferator-activated receptor-␥ (131). Finally, islets isolated from UCP-2 KO animals are protected from lipotoxicity (127) . These observations suggested that fatty acids activate the expression of UCP-2 in ␤-cells, perhaps resulting in mitochondrial uncoupling. Because glucose-induced insulin secretion depends upon ATP generation from glucose metabolism, such uncoupling is predicted to impair insulin secretion. However, the precise contribution of UCP-2 to the mechanisms of glucolipotoxicity awaits the unequivocal demonstration that it acts as an uncoupling protein under physiological or pathophysiological conditions in ␤-cells. In fact, a recent study demonstrated that transgenic overexpression of UCP-2 did not alter mitochondrial function or glucose-induced insulin secretion. It was, however, associated with decreased production of ROS (132) . Therefore, the increase in UCP-2 activity in response to fatty acids may be a cellular defense mechanism against fuel overload and oxidative stress rather than a deleterious response.
A previously unrecognized role for intracellular cholesterol metabolism in the mechanisms of glucolipotoxicity has been suggested by the observation that ␤-cell specific KO of the ATP-binding cassette transporter subfamily A member 1 (ABCA1), which mediates reverse cholesterol efflux, results in increased cellular cholesterol content and impaired insulin secretion (133) . The authors further showed that the ability of rosiglitazone to improve glucose tolerance in mice fed a high-fat diet requires a functional ABCA1 in ␤-cells (133) . The insulin secretory defect in ABCA1 KO ␤-cells appears to lie downstream of glucose metabolism, probably at the level of insulin exocytosis (133) . Consistent with this possibility, Kato et al. (134) have shown that expression of granuphilin, an effector of the small GTP-binding protein Rab27a, which plays a key role in the docking of insulin secretory granules to the plasma membrane, is increased in islets exposed to palmitate as a consequence of augmented expression of SREBP1c, which inhibits insulin secretion in response to fuel and non-fuel stimuli. Recently, Olofsson et al. (135) demonstrated that prolonged exposure of mouse islets to glucose and fatty acids inhibited insulin secretion at a very late stage of exocytosis by interfering with the release of insulin at the fusion pore. These recent findings therefore indicate that the mechanisms by which fatty acids affect insulin secretion might, at least in part, lie at the level of the exocytotic machinery and, consequently, inhibit insulin secretion in response not only to glucose but also to other secretagogues. The clinical implication of these findings is that therapeutic strategies aimed at enhancing insulin secretion in type 2 diabetes might fail in a glucolipotoxic environment.
Fatty-acid impairment of insulin gene expression.
Prolonged exposure to fatty acids impairs insulin gene expression in the presence of high glucose (96 -100). Studies performed in our laboratory indicate that the mechanisms whereby fatty acids affect insulin secretion are distinct from those by which they impair insulin gene expression. First, whereas both palmitate and oleate inhibit insulin secretion, only palmitate affects the insulin gene (136). Because only palmitate can serve as a substrate for de novo ceramide synthesis, we examined whether ceramide generation might mediate palmitate inhibition of the insulin gene. We observed that a 72-h culture of isolated islets in the presence of palmitate is associated with an increase in ceramide content that can be largely blocked by inhibitors of de novo ceramide synthesis, and that inhibition of ceramide generation prevents the decrease in insulin mRNA levels upon exposure to palmitate (100). Furthermore, palmitate inhibition of insulin mRNA levels is not due to changes in mRNA stability, but to direct inhibition of glucose-induced insulin promoter activity in primary islets (100) . More recently, we have observed that palmitate inhibition of insulin gene transcription is due to decreased binding activity of PDX-1 and MafA (101) . PDX-1 appears to be affected in its ability to translocate to the nucleus, whereas MafA is affected at the level of its expression (101) (Fig. 2) . Interestingly, this appears to contrast with the mechanisms of glucotoxicity, which have been shown to involve posttranslational modifications of MafA (72) . The mechanisms whereby ceramide generation from palmitate impairs PDX-1 subcellular localization and MafA expression are unknown, although hypotheses can be proposed based on known targets of ceramide. Two major signaling pathways known to be modulated by ceramide, the MAPK and phosphatidylinositol 3 kinase pathways, regulate insulin gene transcription by influencing transcription factor activity. JNK is a direct target of ceramide in many cell systems (reviewed in Ref. 137). In ␤-cells, JNK has been shown to repress insulin gene transcription both via c-jun-dependent inhibition of E1-mediated transcription (138, 139) and c-jun independent inhibition of PDX-1 binding (43) . Recently, Solinas et al. (140) have shown that palmitate activates JNK in ␤-cells and that the resulting phosphorylation of insulin receptor substrates 1 and 2 impairs insulin signaling and decreases insulin gene transcription. In insulin-sensitive tissues, ceramide formation from palmitate inhibits protein kinase B (PKB or Akt) activity (141-143), perhaps via activation of protein kinase C (144), which then negatively regulates PKB (145). A decrease in PKB activity alleviates the inhibition of the transcription factor Fox01, which as a result translocates to the nucleus and represses its target genes (146). In ␤-cells, PKB is expressed and activated by glucose (106) . Expression of a constitutively active mutant of Fox01 results in a complete lack of PDX-1 expression, indicating that PDX-1 and Fox01 exhibit a mutually exclusive pattern of nuclear localization (147). In addition, a gain-of-function of Fox01 in liver and ␤-cells induces diabetes, due to increased hepatic glucose production and failure of ␤-cell compensation, the latter being associated with decreased PDX-1 expression (148). On the other hand, Fox01 was recently shown to positively regulate MafA expression and thereby protect ␤-cells against oxidative damage under glucotoxic conditions (75) . Thus, it is likely that modulation of the PKB/Fox01 pathway is involved in fatty-acid inhibition of insulin gene expression. However, the net effect of this pathway on transcription factor function and insulin gene expression under glucolipotoxic conditions remains to be established.
Fatty-acid induction of ␤-cell death.
A number of studies have shown that fatty acids can induce ␤-cell death by apoptosis in the presence of high glucose (110) . In vitro, saturated fatty acids induce ␤-cell apoptosis (104, 108, 110) , whereas unsaturated fatty acids are usually protective (103, 104, 110) . This difference in the proapoptotic effects of fatty acids is proposed to be due to the greater ability of unsaturated fatty acids to form intracellular triglycerides (103, 149) . Busch et al. (150) have also shown that the level of expression of the enzyme stearoyl coenzyme A (CoA) desaturase correlates with the resistance of ␤-cells to the proapoptotic effect of palmitate, indicating that the capability of a cell to desaturate fatty acids protects from glucolipotoxicity.
Several mechanisms have been proposed to mediate fatty acid-induced apoptosis in ␤-cells, including ceramide formation (102, 105, 108, 151) , altered lipid partitioning (110, 152, 153) , and the generation of oxidative stress (107, 109, 154, 155) . A potential role for inflammatory mechanisms has been suggested by expression profiling of MIN6 cells exposed to fatty acids, showing a marked increase in the expression of the chemokine monocyte chemoattractant protein-1 (156), although Kharroubi et al. (157) showed that fatty acids do not activate the nuclear factor B pathway in islets. More recently, a potential role of ER stress and the unfolded protein response has received experimental support (157) . In insulinsecreting cells, palmitate, but not oleate, induces markers of ER stress (157) (158) (159) and causes marked alterations of ER morphology (158) . Markers of ER stress are also increased in islets from db/db mice and pancreatic sections of type 2 diabetic patients (159) .
The effects of fatty acids on ␤-cell apoptosis in vitro are difficult to interpret for several reasons. First, significant differences exist between clonal cells and primary ␤-cells in their sensitivity to the cytotoxic effects of fatty acids. Second, there are species-related differences in the ability of fatty acids to cause cell death. For instance, whereas a 24-h exposure of human islets to elevated glucose and palmitate is sufficient to observe apoptosis (110), we have not detected any cell death in rat islets after 72 h of culture under similar conditions (100, 136) . Third, the concentrations of fatty acids used in vitro vary among publications. The key determinant of fatty acid potency is the fraction that is unbound to BSA, which depends on the molar ratio of fatty acids to albumin as well as the mode of preparation. Using a fluorescent probe that specifically measures the unbound fraction of fatty acids (160), we observed that when palmitate at a total concentration of 0.5 mm was precomplexed to BSA with a molar ratio of fatty acid:albumin of 5:1, the unbound concentration is in the 200 nm range (V. Poitout, unpublished data), which represents approximately three times the unbound concentration measured in the plasma of lean individuals by the same method (161) . Thus, the concentration of fatty acids should be interpreted in the context of the concomitant albumin concentration. Finally, the concentrations of fatty acids in the vicinity of the ␤-cells in vivo are unknown and are determined by many different factors, including the activity of lipoprotein lipase, which accounts for some of the local delivery of fatty acids to the cells (162) . Therefore, the results of in vitro experiments using fatty acids should be interpreted with caution, particularly when marked cytotoxicity is observed.
B. In vivo evidence for glucolipotoxicity
Experiments performed in the ZDF rat were instrumental in establishing the concept of lipotoxicity and identifying some of its basic mechanisms (reviewed in Ref. 163) . The limitations of the ZDF model lie in the fact that the effects of chronic hyperglycemia (glucotoxicity) are difficult to separate from those of chronic hyperlipidemia (glucolipotoxicity). In fact, lowering blood glucose levels, but not lipid levels, is sufficient to normalize insulin gene expression in ZDF (111) . The fa mutation underlying the ZDF phenotype results in defective leptin signaling and therefore profoundly perturbs intracellular fatty-acid metabolism, thereby limiting the relevance of this model to human type 2 diabetes, in which leptin receptor mutations are extremely rare (164) . Considering these limitations, examining whether or not glucolipotoxicity occurs in vivo, and testing mechanistic hypotheses in other, nongenetic animal models is important. Mason et al. (114) have demonstrated that a 48-h perfusion of Intralipid or oleate impairs glucose-induced insulin secretion in normal rats. The influence of genetic predisposition on the insulin secretory response to excessive fatty acid levels is also illustrated by the recent observation that insulin secretion is impaired to a greater extent in heterozygous lean ZDF rats than in Wistar rats after Intralipid infusion (165) . To examine whether the fatty-acid inhibition of insulin gene expression previously observed in isolated islets (100, 101) was also operative in vivo, we have recently performed a study in which normal Wistar rats were infused alternatively with glucose for 4 h and Intralipid plus heparin for 4 h, for a total of 72 h. In islets isolated at the end of the perfusion from animals infused alternatively with glucose and saline, insulin mRNA levels, PDX-1 nuclear localization, and PDX-1 binding to the endogenous insulin gene promoter were increased. In contrast, in islets from animals perfused with glucose and Intralipid, insulin mRNA levels were reduced, PDX-1 localization was shifted toward the cytosol, and occupancy of the endogenous insulin promoter by PDX-1 was markedly diminished (D. K. Hagman and V. Poitout, manuscript in preparation). These results demonstrate that fatty-acid inhibition of the insulin gene also occurs in vivo.
C. Studies in humans
Studies examining the effects of prolonged fatty acids on insulin secretion in humans have led to conflicting results. Initial reports from Boden and colleagues indicated that a 48-h lipid infusion induces an appropriate insulin secretory response in healthy subjects (166) but is defective in type 2 diabetic patients (167) . In contrast, Carpentier et al. (168) have shown that the increase in insulin secretion observed in response to an acute (90-min) lipid infusion in healthy subjects disappears when the infusion is prolonged to 48 h. The loss of insulin secretion is specific to the response to glucose, because the response to arginine remains normal (169) . The same group further showed that obese, but not diabetic, subjects are susceptible to the inhibitory effect of lipids on glucose-induced insulin secretion (170) . Importantly, the augmentation of the disposition index observed in nondiabetic subjects in response to a 24-h glucose infusion does not occur if lipids are infused simultaneously with glucose (171) . Finally, the group of Cusi and De Fronzo (172) has carried out a series of studies in nondiabetic subjects with a family history (FHϩ) of type 2 diabetes and without. They showed that a 4-d Intralipid infusion enhances insulin secretion (normalized for insulin sensitivity) in control subjects but inhibits glucose-induced insulin secretion in FHϩ individuals (172) , suggesting that perhaps part of the genetic predisposition to type 2 diabetes is related to the ability of the ␤-cell to increase insulin secretion in response to elevated fatty acid levels. Importantly, reducing circulating fatty acid levels with Acipimox ameliorates insulin secretion in FHϩ subjects (173) .
D. The influence of glucose on lipid metabolism and its consequences for the mechanisms of glucolipotoxicity
As detailed in Section III.A, experimental evidence strongly supports the notion that deleterious effects of fatty acids on ␤-cell function only occur in the presence of elevated glucose levels. This requirement for glucose has a biochemical basis (13, 174). As first proposed by Prentki and Corkey (175) , glucose is a chief determinant of fatty acid partitioning in ␤-cells (Fig. 3) . When glucose concentrations are in the nor-mal range, fatty acids are transported into the mitochondria via the enzyme carnitine-palmitoyl transferase-1 (CPT-1) and undergo ␤-oxidation with little, if any, functional consequences. In contrast, when both glucose and fatty acid concentrations are elevated, glucose metabolism in the TCA cycle generates cataplerotic signals, such as citrate, which lead to the formation of malonyl-CoA in the cytosol. In the ␤-cell, malonyl-CoA primarily serves to inhibit CPT-1 activity, thereby blocking fatty acid oxidation and resulting in the accumulation of long-chain acyl-CoA esters (LC-CoA) in the cytosol (175) . In turn, accumulation of cytosolic LC-CoA, either directly or via generation of lipid-derived signals, adversely affects ␤-cell function (176) . In addition to its metabolic effects directing fatty-acid partitioning into esterification, glucose coordinately activates the expression of genes involved in lipogenesis (177) . Increasing evidence suggests that the enzyme AMP-activated protein kinase (AMPK) acts as a metabolic sensor that detects changes in the cellular energy state and directs the ␤-cell into a "storage mode" in the face of nutrient oversupply (153), similar to its role in muscle and liver (178) . AMPK activity is inversely correlated with the glucose concentration (179) and is stimulated by palmitate (180) in ␤-cells. Downstream of AMPK, the transcription factor SREBP1c, which transactivates genes involved in fatty acid synthesis (181), appears to act as an effector translating the metabolic signal sensed by AMPK into changes in gene expression, leading to increased lipogenesis and triglyceride accumulation. Glucose also increases the expression of the liver X receptor, which in turn enhances SREBP1c expression and lipid synthesis (182) .
Triglyceride accumulation was initially proposed as a mechanism underlying ␤-cell failure in the ZDF rat (183, 184) . In isolated islets, prolonged exposure to simultaneously elevated levels of glucose and palmitate is associated with a marked increase in triglyceride content (99) , and forcing triglyceride synthesis in islets impairs insulin secretion (185) . It is, however, unlikely that triglyceride stores are by themselves toxic, because they are usually seen as a process of fat storage in a relatively inert form that can actually protect against lipotoxicity (149). Thus, triglyceride accumulation is likely a marker of lipotoxic conditions that signals an increase in the flux through the esterification pathway, rather than a bona fide causal mechanism of glucolipotoxicity. The lipidderived molecules directly responsible for the impairment of ␤-cell function are, for the most part, still unknown, although the role of intermediates of the esterification pathway (e.g., lysophosphatidic acid, phosphatidic acid, diacylglycerols) has been suggested (186) . De novo synthesis of ceramide has been demonstrated to play a role in both fatty acid-induced ␤-cell death (151) and fatty-acid inhibition of insulin gene expression (100) . Interestingly, ceramide is also implicated in the mechanisms of insulin resistance (187) . Alternatively, Boucher et al. (188) have provided evidence that glucolipotoxicity was associated with a reduction in the glucose-induced exchange of pyruvate with intermediates of the Krebs cycle (188) .
Most studies on the mechanisms of glucolipotoxicity in the ␤-cell have focused on fatty acid and triglyceride metabolism. Cholesterol metabolism has received less attention, although recent findings suggest that it may play an important role. Exposure of ␤-cells to oxidized low-density lipoproteins induces apoptosis (189) and decreases insulin gene expression (190) , whereas native low-density lipoprotein particles have no effect and high-density lipoproteins are protective. Mice with ␤-cell-specific deletion of ABCA1, which mediates reverse cholesterol efflux, have increased intracellular cholesterol content in islets and impaired insulin secretion (133) . Because liver X receptor regulates ABCA1 expression (133) and has been recently shown to be directly regulated by glucose (191) , it appears that glucose coordinately enhances fatty acid esterification and intracellular cholesterol synthesis.
Therefore, chronically elevated glucose directs fatty acid partitioning away from oxidation and toward cellular lipid synthesis. The nature of lipid-derived signals that directly cause ␤-cell dysfunction is, for the most part, still unknown. In addition to the esterification pathway and the generation of ceramide from fatty acids, recent studies provide evidence that lipoprotein delivery and cholesterol metabolism are involved in the mechanisms of glucolipotoxicity.
IV. The Glucolipoadaptation-Glucolipotoxicity Spectrum and the Implications for the Pathogenesis of ␤-Cell Dysfunction in Type 2 Diabetes
The physiological or pathological significance of the effects of fatty acids and glucose on pancreatic ␤-cell function is a matter of debate, and it has been further confounded by the various interpretations given to the suffix "-toxicity." Although one can reasonably assert that fatty acid-induced ␤-cell death is clearly a toxic manifestation, their effects on functional parameters such as insulin secretion or gene expression are more difficult to categorize as either beneficial or deleterious responses in a short time frame, although they are clearly deleterious in the long run. From the above review of the recent literature we propose the working model illustrated in Fig. 4 .
A. ␤-Cell compensation for insulin resistance
In normoglycemic individuals experiencing weight gain, the ␤-cell mounts a compensatory response to counter insulin resistance associated with obesity. This response involves coordinated increases in ␤-cell mass, insulin biosynthesis, and insulin secretion. Although the molecular signals that trigger functional adaptation of the ␤-cell are unknown, experimental evidence suggests that these may involve an increased response to fatty acids (192, 193) . According to this concept, the ␤-cell becomes sensitized to fatty acids and preferentially metabolizes fatty acids rather than glucose as a fuel. This hypothesis may explain the observed decrease in glucose-induced insulin secretion classically observed in isolated islets after prolonged exposure to fatty acids: if the ␤-cell has adjusted its intracellular metabolism and signaling toward preferential utilization of fatty acids, it is not unexpected that a subsequent exposure to glucose, in the absence of fatty acids, will trigger a lower secretory response than in islets not previously exposed to fatty acids. In fact, it has been shown that after exposure to fatty acids, the glucose response is reduced but the response to fatty acids is enhanced (156) . This switch from glucose to fatty acids as the primary ␤-cell nutrient might be viewed in this context as an adaptation that should probably not be referred to as "glucolipotoxicity" but rather "glucolipoadaptation" (186) , because it contributes to ␤-cell compensation for insulin resistance and is therefore beneficial in maintaining normal glucose homeostasis.
The magnitude of the compensatory ␤-cell response is probably genetically determined and, in turn, is a major determinant of the long-term ability of an individual to maintain glucose homeostasis in the face of insulin resistance. In other words, in individuals not predisposed to develop diabetes, the ␤-cell is capable of mounting a sustained response that adequately compensates for insulin resistance, and normoglycemia is preserved. In contrast, in individuals genetically susceptible to diabetes, the compensatory response is insufficient and ␤-cell decompensation ensues. A strong experimental argument in favor of this view is provided by the observation that insulin secretion during a hyperglycemic clamp is increased after lipid infusion in control subjects but markedly decreased in individuals with a family history of diabetes (172) . These observations indicate that the ␤-cell response to prolonged lipid exposure is genetically determined and suggests that this might play a role in the subsequent development of diabetes.
B. ␤-Cell decompensation and failure
In genetically predisposed individuals, ␤-cell compensation eventually becomes insufficient and the ␤-cell is no longer able to sustain a secretory response that matches the demand imposed by insulin resistance. In the early stages of this decompensation phase, it is likely that the disturbances of glucose homeostasis are first evidenced by postprandial hyperglycemia. At the level of the ␤-cell, we postulate that even transient episodes of hyperglycemic excursions are sufficient to alter intracellular metabolism and enable glucolipotoxicity to occur when the intracellular flux of fatty acids rises. We propose that it is during this decompensation phase that glucolipotoxicity plays a major role, in that hyperglycemia is the triggering factor by which elevated fatty acids affect ␤-cell function. At the level of insulin gene expression, elevated levels of lipids at this stage prevent the compensatory mechanisms that the ␤-cell attempts to mount in response to hyperglycemia, as illustrated in our recent in vivo studies described in Section III.B. Notably in these studies, insulin gene expression was impaired by combined glucose and lipid infusions before any detectable decrease in insulin secretion, suggesting that defective insulin biosynthesis might be an early defect in glucolipotoxicity, which contributes to eventual ␤-cell failure, inasmuch as maintenance of adequate intracellular stores of insulin is necessary to sustain increased secretory demand (194) .
␤-Cell decompensation evolves toward ␤-cell failure when fasting hyperglycemia occurs. At this stage, it is likely that both glucotoxicity and glucolipotoxicity contribute to the decline in insulin secretion observed over time during the years following diagnosis of type 2 diabetes (195) . Because hyperglycemia at this stage is permanent, the effects of glucotoxicity are likely to be fully operative. Similarly, the effects of glucolipotoxicity, perhaps including actual cytotoxicity, probably contribute to the inexorable demise of the ␤-cell. The therapeutic implications of this model, if correct, are that normalization of blood glucose levels in the early stages of Contribution of glucotoxicity and glucolipotoxicity to the development of type 2 diabetes. In this hypothesis, lean and obese individuals who develop type 2 diabetes primarily have polygenic defects that predispose them to the disease. Because of genetic abnormalities the lean phenotype develops impaired glucose tolerance (IGT) and/or impaired fasting glucose (IFG), which exposes the ␤-cell to chronic hyperglycemia. Hyperglycemia generates ROS which cause oxidative stress and worsened ␤-cell dysfunction. Alternatively but not exclusively, abnormally high blood glucose concentrations cause increased cellular lipid synthesis and glucolipotoxicity, which also causes deterioration in ␤-cell function. The obese phenotype has intrinsically elevated blood free fatty acid (FFA) levels which causes the ␤-cell to switch to preferential fatty-acid metabolism (glucolipoadaptation). Over time, however, the ␤-cell can no longer adapt and glucolipoadaptation evolves toward glucolipotoxicity. This in turn leads to hyperglycemia, which eventually overwhelms the ␤-cell and leads to its frank dysfunction. FA, Fatty acid.
the disease should be sufficient to avoid the deleterious effects of glucotoxicity and glucolipotoxicity. It should be noted, in conclusion, that the proposed model described above (Fig. 4) is based on extensive experimental evidence in vitro and in rodents, but has not been fully validated in humans. The precise role of elevated glucose and lipid levels on ␤-cell function in humans and the contribution of these effects to the pathogenesis of type 2 diabetes remain to be established. 
